Abstract. Adult body size is the result of important environmental, maternal and/or genetic effects acting on animals during development. Here we investigate how sexual size dimorphism (SSD) develops in seven species of Odonata: Anax imperator, Cordulegaster boltonii, Onychogomphus uncatus, Oxygastra curtisii (Anisoptera), Cercion lindeni, Ischnura graellsii and Platycnemis acutipennis (Zygoptera). SSD of both the last larval and adult stages of the same individuals, which were reared under laboratory conditions, was measured. The aims were to investigate (i) whether SSD develops during the larval stage, (ii) the direction of larval and adult SSD, and (iii) whether the direction of adult SSD can be predicted by the mating system of a given species (e.g. males of territorial species being larger than females and the opposite for non-territorial species). We found that although larval differences in size may be present between the sexes, these are not necessarily shown in the adult stage (they may change or disappear). Also, the mating system was not related to patterns of adult SSD. Differences in SSD in larvae may be caused by differential use of resources via differential niche-utilisation or sex-specific growth patterns. We highlight the fact that sexual selection favouring large male size and fecundity selection, which selects for large females may be acting on the observed patterns in SSD in adults.
INTRODUCTION
Differences in body size between males and females are common in many animals (Andersson, 1994) . For instance, in many invertebrate species, sexually mature females are several times larger than males (femalebiased SSD), whereas in most mammals and birds, males are the larger sex (male-biased SSD; Abouheif & Fairbairn, 1997; Blanckenhorn, 2005; Székely et al., 2007) . Three functional hypotheses are usually advanced to explain the degree and direction of SSD exhibited by a given species or higher taxon: (i) fecundity selection acting on female body size usually produces femalebiased SSD through increasing fecundity with female size (Hon k, 1993; Head, 1995; Prenter et al., 1999) , (ii) differential niche utilisation between males and females reducing the competition for resources between the sexes and promoting morphological divergence (Selander, 1966; Shine, 1989; Thom et al., 2004) and (iii) sexual selection favouring male-biased SSD in species in which males compete for females on the ground (Anderson & Fedak, 1985; Lindenfors & Tullberg, 1998; SerranoMeneses & Székely, 2006) , or female-biased SSD in species in which males compete in the air (Andersson & Norberg, 1981; Raihani et al., 2006; . Studies often approach SSD from a functional perspective to investigate the ecological and/or behavioural causes and consequences of SSD in adults (see Blanckenhorn, 2005) . However, the observed patterns of SSD in the adult stage are the result of important differences in physiology, behaviour and in the ecological niches occupied by the sexes during growth and development (Le Gaillard et al., 2006) . These differential factors may produce divergent selective pressures on the ontogeny of males and females (e.g. developmental time, size at hatching or growth rate) leading to SSD in adults (Badyaev, 2002) . Thus, adult body size may be genetically fixed (e.g. queen size in the ant Leptothorax rugatulus; Rüppell et al., 2001) , or influenced by environmental factors, such as the amount of food available during the early stages of development (e.g. male body size in the horned beetle Onthophagus taurus; Emlen & Nijhout, 2001) . Note, that although the long-term evolution of SSD is to an extent constrained by genetic factors (Reeve & Fairbairn, 1996) , ecological or behavioural pressures can drive the evolution of SSD even in presence of strong genetic correlation between the sexes (Badyaev, 2002) .
Differences in adult body size develop in one of two ways: organisms may grow at a faster rate or for a longer period (Blanckenhorn, 2005) . Therefore, differences in adult body size between the sexes are likely to arise if the sexes differ in developmental time and/or growth rate. In many insects, such as odonates, these ontogenic factors are not entirely determined genetically, but are likely to fluctuate with changes in environmental conditions such as temperature, time in the reproductive season and food availability (Corbet, 1999) . Food, in particular, is a limiting resource for accruing maximum fitness benefits in both sexes. For example, territorial male dragonflies that receive a highly nutritious diet during development are bigger, and have greater muscle mass and fat reserves at emergence (Plaistow & Siva-Jothy, 1999) . These traits are related to male-male competition for mating territories since individuals with large fat reserves are more successful during aggressive territorial contests (Marden & Waage, 1990; Plaistow & Tsubaki, 2000; SerranoMeneses et al., in press) . A recent study in Hetaerina americana shows that fat reserves increase with body size in territorial individuals (Serrano-Meneses et al., 2007) , suggesting that large size is selectively advantageous to males of territorial species. Since territorial males often gain more matings than non-territorial individuals (e.g. Waage, 1973; Grether, 1996; Córdoba-Aguilar, 2000) , the former obtain higher paternity benefits compared to the latter. Therefore, territory defence may favour large male size, potentially resulting in male-biased SSD. Females, on the other hand, gain fitness benefits such as enhanced survival at emergence (Braune & Rolff, 2001 ) and higher fecundity via large size (Cordero-Rivera, 1991) . Fecundity selection, therefore, will favour large female body size (e.g. Hon k, 1993).
The order Odonata is an example of a taxon with marked differences in SSD. Several species have been intensively studied in terms of sexual behaviour and, broadly speaking, two mating systems have been clearly outlined: territorial and non-territorial species (Corbet, 1999) . In the former, males usually gather at aquatic sites defending a place against male conspecifics, where females arrive to mate and lay eggs (e.g. Waage, 1973) . In the latter, males do not defend territories but search for females in a manner similar to scramble competition (e.g. Fincke, 1985) . These two mating system should be correlated with different ranges of SSD (for a study supporting this claim see Johansson et al., 2005) : in territorial species, males should be the larger sex, while in nonterritorial species, this prediction would not hold as fecundity selection pressure may result in similar sizes and/or female biased SSD. Nevertheless, to the best of our knowledge, how these differences arise during development has scarcely been studied (e.g. Mikolajewski et al., 2005) .
Here we investigate the development of SSD in five territorial and two non-territorial odonate species (Anisoptera and Zygoptera). First, whether SSD develops during the larval stage or after emergence was investigated. This, to the best of our knowledge, has not been investigated in this insect order. Therefore, SSD both at the last larval and the adult stage measured on the same individuals, reared in the laboratory, was recorded. Second, whether SSD in adults is correlated with SSD of the last larval stage prior to adult emergence is investigated. The investigation of the patterns of SSD in both larvae and adults can improve our understanding of the selective processes that act on the sizes of males and females. Finally, whether adult SSD can be predicted by the mating system of a given species was investigated: territorial species should exhibit male-biased SSD whereas non-territorial species should exhibit female-biased SSD.
METHODS

Larvae
The larvae of seven species Mating system denotes territorial (T) or non-territorial (NT) species. Initial n is the number of larvae collected of a given species (the number of emerged adults differs due to mortality). Rearing duration refers to the period in days from the day when the larvae were captured until the adults emerged.
Pontevedra, North-West Spain (see Table 1 for mating systems, dates and collection sites). These species were chosen since their biology is well known (Corbet, 1999) and they are commonly found throughout North-West Spain. Since we were interested in the extent and direction of SSD at the last larval stage (F0 henceforward) and at adulthood, we only collected those larvae from which it was presumed adults were about to emerge. At collection, the larvae were sexed based on whether they had or lacked an ovipositor. All larvae collected on a given day were stored in one container with water and vegetation from the river (the vegetation was used by the larvae as a substrate). The larvae were determined in the field using the taxonomic key of Gerken & Sternberg (1999) . The larvae were then transported to the laboratory at the University of Vigo within one hour of collection. Before assigning the larvae to individual rearing containers, the body length of every larva was measured (from the tip of the head to the end of the abdomen, excluding the gills in the case of zygopterans) using a digital calliper (LCD electronic digital Vernier calliper; measurements made to the nearest 0.001 mm). Larvae in F0 stadium were identified by the advanced development of their wing sheaths and eye index (Corbet, 1999) , and larvae in other stadia were returned to their natural habitat (see Table 1 ).
After measurement, all larvae were placed individually in labelled plastic containers with a wooden stick to allow perching and a volume of water that filled approximately 2.5-3.5 cm of container for zygopterans and anisopterans, respectively. Each container was then covered with a plastic net to prevent emerging individuals from escaping. Water was replaced by fresh water every day. Zygopterans were fed daily 1 worm (either Tubifex tubifex or Lumbriculus variegatus), while anisopterans were fed 2 worms (Van Gossum et al., 2003) . The diet for each species and sex was such that no individual was fed on a single species of worm: zygopterans were fed every day with a different worm and anisopterans were fed daily one worm of each species.
Emerging tenerals were placed in individual insectaries of approximately 60 cm × 50 cm × 50 cm. Inside each insectary eight wooden sticks were provided for perching, and a water container, covered with a plastic net, to maintain humidity. The natural photoperiod of the appropriate season was maintained (approximately 12 h) by illuminating the insectary with a commercially available light bulb. Each individual was kept for approximately 24 h in an insectary until its exoskeleton had fully hardened, and then their body length was measured using a digital calliper. After this, the adults were either released at the location of their capture, or the species that emerged during winter (P. acutipennis), which were not likely to survive in nature, were stored in absolute ethanol.
Body length was used as a proxy for body size for two reasons. First, other measurements, such as wing length and head width are positively correlated with body length in odonates (M.A. Serrano-Meneses, unpubl.). Second, estimating SSD from differences in body mass may not be reliable since it is known to fluctuate with age and condition (Anholt et al., 1991) .
Statistical analyses
Only those individuals that survived until emergence were included in the analyses. The data on body size were normally distributed; therefore it was not necessary to transform the data prior to analyses. To analyse the change in body size of each species we used mixed-model ANOVA: body size was the dependent variable, developmental stage (F0, adult) was the within-subject factor and sex (male, female) was the betweensubject factor. We also included the interaction term stage * sex in the models.
To compare the changes in SSD in the two stages and between sub-orders, the SSD for larvae (SSDF0) and adults (SSDadult) were first calculated separately as log10 (male size) -log10 (female size) (Smith, 1999) , and then SSDdelta = SSDadult S SDF0. A positive SSDdelta indicates a shift toward male-biased SSD, whereas a negative SSDdelta indicates a shift toward female-biased SSD.
Statistical analyses were carried out using SPSS Ver. 14. Results are provided as mean ± S.D.
RESULTS
Anisoptera
Two out of the four territorial species exhibited femalebiased SSD at F0 (A. imperator, C. boltonii; Fig. 1A) . A statistically significant interaction between stage and sex indicated that the magnitude of SSD changed from F0 to adults in C. boltonii and O. uncatus (Tables 2 and 3) .
Zygoptera
In the territorial species, C. lindeni, adult male-biased SSD was apparent in the larval stage. In the other two non-territorial species, adults were monomorphic, whereas in the larval stage one species showed femalebiased SSD (P. acutipennis) and I. graellsii exhibited no SSD in either the adult or F0 stages ( indicated that the magnitude of SSD changed from F0 to adults in C. lindeni and P. acutipennis (Tables 2 and 3) .
DISCUSSION
SSD was observed in four out of the seven species examined. In three species, significant differences in adult body size between the sexes were already present in the larval stage, in two species both larvae and adults did not exhibit SSD, in one species SSD only developed after emergence and in one species the pattern of SSD observed in the larval stage shifted after emergence. These results do not support the idea that the size differences observed in the adult stage are similar to those exhibited by larvae. This is corroborated by the lack of clear predictable SSD patterns in larvae that can be translated to the adult stages.
We predicted that territorial species should exhibit male-biased SSD because of strong sexual selection acting on males. This is expected since large male body size is usually favoured in male-male competition (see Blanckenhorn, 2005) . In this type of competition, muscle mass and fat reserves are positively selected for in damselflies (e.g. Marden & Waage, 1990; Plaistow & SivaJothy, 1999; Plaistow & Tsubaki, 2000; Serrano-Meneses et al., in press) , and provide an explanation for why large body size is usually advantageous for territorial males. However, in the absence of strong male-male competition (e.g. non-territorial species) strong fecundity selection may favour large female body size, resulting in monomorphism or female-biased SSD. In our study, with the exception of one species (C. lindeni), adult males were not larger than females in territorial species. In fact, in three territorial anisopterans, females were significantly TABLE 3 . SSD in odonate larvae (F0 stage) and adults. > and < indicate statistically significant differences in size between the sexes, whereas = indicates a non-significant difference. In brackets is the SSDdelta (see Methods). A positive SSDdelta indicates a shift toward male-biased SSD, whereas a negative SSDdelta indicates a shift toward female-biased SSD. T and NT indicate whether the species is territorial or non-territorial, respectively.
larger than males at this stage. In two of these species, this difference was in fact already present in the larval stage. There may be two explanations for these findings. The first is that differences in the type of male-male competition and territory defence in anisoptera and zygoptera favour different male sizes. Firstly, it is possible that territorial anisopterans benefit from small, more manoeuvrable sizes since most of the territorial defence and reproductive-related activities occur in the air (Corbet, 1999) . This would favour monomorphism or femalebiased SSD in territorial anisopterans. Secondly, large size may be more advantageous to territorial male zygopterans because it enhances territory defence (e.g. through increased energy storage; Serrano-Meneses et al., 2007) . This scenario favours male-biased SSD in territorial zygopterans. The second explanation is that despite being territorial, males are not larger than females for reasons related to the advantages that females gain from large body size, such as an increase in fecundity (e.g. Hon k, 1993) . Fecundity selection acting on female body size may be strong in those species in which females are the larger sex, including the only territorial species that did not exhibit adult SSD (O. curtisii).
In the two non-territorial species (P. acutipennis and I. graellsii) no significant SSD was found. This is consistent with the expected pattern since large male size should be less advantageous in scramble competition (e.g. Anholt et al., 1991) . Male-male scramble competition in non-territorial species, therefore, is expected to favour monomorphism or female-biased SSD (Anholt et al., 1991; see also Fincke et al., 1997) .
In this study, some species exhibited SSD during the larval stage whereas others did not. Why do some species show SSD during the larval stage? One explanation is that ecological differences between the sexes may favour different male and female body sizes prior to emergence. Nevertheless, we know of no evidence that suggests differences in larval habitat of the sexes. Although some form of territoriality (which includes aggressive behaviour) is reported in the larval stage of several odonates (e.g. Rowe, 2004) , it is unknown whether this behaviour is sex-specific. Another explanation is that these species may exhibit sex-specific developmental times, so that one sex may develop for longer and achieve a larger size (e.g. Badyaev, 2002) . Recent evidence in Ischnura elegans, for example, indicate that males develop faster and consequently, emerge at smaller sizes than females, presumably a consequence of scramble competition (Abbot & Svensson, 2005 ; for a similar result also see Mikolajewski et al., 2005) . This may mean that it is advantageous for males to emerge earlier in the season in order to search for females. This mechanistic explanation may apply to territorial and non-territorial species, favouring sexspecific differences in the larval stage (e.g. Badyaev, 2002) and provides an explanation for our results. Another recent study on nine libelullids, which included territorial and non-territorial species, did not show sexual differences in egg size (Schenk & Söndgerath, 2005) . This suggests that SSD in Odonata is not a consequence of differences in egg size but develops during larval development. Mikolajewski et al. (2005) for example, recorded that Coenagrion puella males show greater activity than females in the larval stage (for no differences in activity between the sexes, see Stoks, 1999) . In this non-territorial species and in the same study, females were larger and heavier than males at emergence. This pattern of sexual differences is similar to that recorded here for P. acutipennis, which is also a non-territorial species. Why do some other species do not exhibit SSD during the larval stage? The lack of larval SSD in some of the species studied here may be the result of viability selection acting strongly on the sizes of both males and females (Blanckenhorn, 2005) . Viability selection is therefore expected to select for small size in both sexes, if large size increases mortality rates (e.g. through increased predation or starvation; Blanckenhorn, 2005) . This can favour similar sizes in both males and females prior to emergence (e.g. Blanckenhorn, 2000) .
Taken together, our results show that SSD is likely to arise during the larval stage in certain species, arise only after emergence, and be exhibited in the larval stage and then disappear in the adult stage in other species. Mating systems were not good predictors of the direction of SSD (e.g. territorial species did not exhibit male-biased SSD); nevertheless, one has to be careful before drawing conclusions from these results because our study has a number of limitations. For instance, the comparative power of the SSD territorial vs. the SSD of non-territorial species is low due to: (i) small sample size, (ii) the distribution of territorial and non-territorial species (four out of seven species were territorial anisopterans, one territorial species was a zygopteran and the two non-territorial species were zygopterans) and (iii) we did not control for the phylogenetic non-independence of species (see Harvey & Pagel, 1991) . Future studies should make use of the advances in the understanding of the phylogenetic relationships of odonates (e.g. Misof et al., 2001; Rehn, 2003; Dumont et al., 2005) , which along with the unique diversity of SSD in this insect group (e.g. Anholt et al., 1991; Andersson, 1994) , provide an excellent opportunity to test and understand the selective processes that shape SSD in animals.
